Introduction {#S0001}
============

Breast cancer (BC) is a most common contributor leading to cancer death in females worldwide.[@CIT0001],[@CIT0002] The high mortality of breast cancer result from metastatic disease.[@CIT0003],[@CIT0004] Although significantly diagnosis and clinical treatment strategies have improved in the past decades, many patients with breast cancer still exhibit low survival and high recurrence.[@CIT0005],[@CIT0006] The precise potential molecular mechanism of breast cancer remains ambiguous and there is an urgent need to develop new therapeutic strategy.

The fork head domain-containing superfamily proteins (Fox) contains over 20 members in mammals and have important roles in different biological processes.[@CIT0007] The disturbance of fox proteins could result in the development of multiple kinds of disease.

As a subclass of Fox family transcription factors, FOXN has six members: FOXN1, FOXN2, FOXN3, FOXN4, FOXN5 and FOXN6.[@CIT0008],[@CIT0009] Among them, FOXN4 is the least known one.[@CIT0010] Although as reported that FOXN4 is required to activate Ptf1a, Neurod1, and Neurod4 expression for amacrine and horizontal cell generation,[@CIT0011] the function of FOXN4 remains largely unknown. In this study, we investigated the function of FOXN4, a potential tumor suppressor, through activation of P53, to inhibit tumor growth and invasion in breast cancer.

Materials And Methods {#S0002}
=====================

Tissue Samples Collection {#S0002-S2001}
-------------------------

80 paired breast cancer tissues, including their corresponding adjacent non-tumor tissues were collected from patients underwent tumor surgical resections in Linyi central hospital from January 2013 to July 2015. Patients received chemotherapy or radiotherapy before surgery were excluded. The tissue samples were fixed in 4% formalin at −80°C and embedded in paraffin until total RNAs were extracted. Informed consent and written approval were obtained from each patient. The study was approved by the Ethics Committee for Clinical Research of Linyi central hospital (Linyi, China).

Cell Culture And Transfection {#S0002-S2002}
-----------------------------

MCF-7, MDA-MB-231, ZR-75-1, MDA-MB-453 and T47D cells were acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in DMEM or RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) at 37◦C and 5%CO~2~ in humidified air. The normal breast cell line MCF-10A was purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China), The MCF-10A cells were cultured in DMEM/F12, with 10% FBS, 20 ng/mL EGF, 0.1 mg/mL CT, 10 mg/mL insulin, and 500 ng/mL hydrocortisone (Sigma). The transfection was performed using the lipofectamine 3000 (Invitrogen, Carlsbad, CA), followed by the protocol recommended by the manufacturer. The plasmids used were synthesized by GenePharma (Shanghai, China). Knockdown of FOXN4 and P53 were achieved by using lentivirus carrying the relative shRNA sequences (Sigma). The establish confirmation of stable lentiviral transduction was determined using infection with shSCR as negative controls.

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR) {#S0002-S2003}
----------------------------------------------------------------------

Total RNA was extracted from breast cancer tissues and cells using TRIzol (Thermo Fisher Scientific, Inc.). 1 µg of total RNA in each group was reverse-transcribed in a volume of 20 µl using random and oligo dT primers, using the PrimeScript RT kit (Takara Biotechnology Co., Ltd., Dalian, China). RT-qPCR was conducted using SYBR-Green (Roche) mixture on an Applied Biosystems 7500 (Applied Biosystems; Thermo Fisher Scientific, Inc.) Quantitative gene amplification was performed using the following thermocycling conditions: 40 cycles of pre-denaturation at 90°C for 30 sec, annealing at 90°C for 5 sec and final extension at 60°C for 30 sec. The 2^−ΔΔCq^ method was employed for quantification. GAPDH was used as a reference gene. The primers used were as follows: E-cadherin forward 5-GAAATCACATCCTACACTGCCC-3, reverse 5-GTAGCAACTGGAGAACCATTGTC-3; Vimentin forward 5- ATTGAGATTGCCACCTACAG, reverse 5-ATCCAGATTAGTTTCCCTCAG-3; GAPDH forward 5-AGCCACATCGCTCAGACAC-3, reverse 5-GCCCAATACGACCAAATCC-3.

Western Blot Analysis {#S0002-S2004}
---------------------

For Western blot, the cells were harvested and lysed using the radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China). The protein concentration was determined using a bicinchoninic acid assay kit (Thermo Fisher Scientific, Inc.). A total of 30 μg protein in each group was fractionated by SDS-PAGE (10% gel) and followed by transferred onto polyvinylidene fluoride membranes. After blocking with 5% fat-free milk for 1 h at room temperature, the membranes were incubated with indicated primary antibodies at 4°C overnight. After extensive washing with PBST for 10 min three times, HRP--conjugated anti-rabbit antibody (1:5000; cat no. 7074; Cell Signaling Technology, Inc.) or anti-mouse (1:10,000; cat no. 7076; CST) was added to the membrane and incubated at room temperature for another hour. Enhanced chemiluminescence (ECL Plus kit; Thermo) was used to visualize the protein bands. The X-ray films were scanned and analyzed using ImageJ 1.47i software (National Institutes of Health, Bethesda, MD, USA).

MTT Assay {#S0002-S2005}
---------

The viability of breast cancer cells was determined by using the MTT assay. In brief, 2000 MCF-7 or MDA-MB-231 cells were seeded into a 96-well plate, incubated for 24 h, and separately transfected with the relative construct for 48 h. On each time point, 10 μl MTT reagent was added to each well and incubated for another 4 h. And then the medium of the well was removed and 200 μl of dimethyl sulfoxide was added to stop the reaction. The absorbance (OD value) at a wavelength of 490 nm was detected using a microplate reader for calculating cell viability.

Colony Formation Assay {#S0002-S2006}
----------------------

Cell proliferation was analyzed using the plate colony formation assay. A total of 1000 cells were added to a 6-well plate and incubated in a humid incubator at 37°C with 5% CO~2~ and cultured for 14 days until colony formation was observed. The colonies were fixed with 100% methanol for 30 min and stained with 0.2% crystal violet (Beyotime Institute of Biotechnology, Haimen, China) for 15 min at room temperature. The colonies with more than 50 cells were counted and images were obtained under a microscope (magnification, x40, Olympus Corporation, Tokyo, Japan).

Migration Assays {#S0002-S2007}
----------------

Wound healing assay was used for migration analysis. The breast cancer cells transfected with the relative construct were cultured in DMEM medium containing with 10% FBS and maintained at 37 °C until 90% confluent. Linear scratches were created using a 20 ul pipette tip, and then the medium was replaced with serum-free DMEM medium for 24 h. The distance between two wounds was measured under an optical microscope and analyzed with Image J software (Bethesda, USA).

Invasion Assays {#S0002-S2008}
---------------

Invasion assays were analyzed by using Transwell chamber (8 μM pore size, Costar, Cambridge, MA, USA) according to the manufacturer's instruction. The upper sides of the filters were coated with 100 μl Matrigel (BD Biosciences), 5×10^4^ cells in each group were plated in the upper chamber with 600 µl of DMEM medium. While 1000 μl DMEM medium containing 20% FBS was added to the bottom chamber to act as the nutritional attraction. After incubation for 24 h, the cells on the upper membrane surface were removed, whereas transwell inserts were fixed in 4% paraformaldehyde for 15 min and then stained with 0.1% crystal violet for 10 min. Then, the cells were counted in 3 randomly selected fields of each chamber under a light microscope (Olympus Corporation). All experiments were repeated three times.

Dual Luciferase Reporter Assay {#S0002-S2009}
------------------------------

MCF-7 or MDA-MB-231 (3×10^4^ cells/per well) cells were planted into 24-well plates for 24 h and co-transfected with the P53 WT or MUT promoter reporter plasmid, a Renilla luciferase plasmid and FOXN4 or siFOXN4 or NC. Firefly luciferase activity was measured 24 h after transfection using a dual luciferase assay kit, in accordance with the manufacturer's protocol (Promega Corporation, Madison, WI, USA), and normalized to the corresponding Renilla luciferase activity.

Statistical Analysis {#S0002-S2010}
--------------------

Statistical analysis was performed using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). Each experiment was performed at least three times. Data was represented as means ± standard deviations (SD). Student's *t*-test (two-tailed) was used to analyze the difference between two groups. One way ANOVA with post hoc test by Tukey's test was used to analyze data of more than two groups. P\<0.05 was considered to have a statistically significant difference.

Results {#S0003}
=======

The Expression Of FOXN4 In Breast Cancer Tissues Is Low And Associated With Better Prognosis {#S0003-S2001}
--------------------------------------------------------------------------------------------

The expression profile of FOXN4 in breast cancer was not previously fully elucidated. In the present study, the expression pattern of FOXN4 in normal breast tissues and breast cancer tissue samples was examined using RT-qPCR. As shown, FOXN4 was significantly downregulated in the cancer sample compared with adjacent normal tissues ([Figure 1A](#F0001){ref-type="fig"}). We further detect the expression of FOXN4 in breast cancer using the online database of the human protein atlas. Similarly, the results illustrated that the protein expression of FOXN4 was predominantly lower in the cancer tissues ([Figure 1B](#F0001){ref-type="fig"}). Using the online database of The Cancer Genome Atlas (TCGA) with breast cancer, we identified the higher FOXN4 expression was association with better overall survival ([Figure 1C](#F0001){ref-type="fig"}). Consistently, the expression of FOXN4 mRNA was assessed in MCF-7, MDA-MB-231, ZR-75-1, MDA-MB-453, T47D and normal breast epithelial cells MCF-10A. As shown, FOXN4 mRNA in breast cancer cells was lower than that in MCF-10A cells ([Figure 1D](#F0001){ref-type="fig"}). Subsequently, we analyzed the correlation between FOXN4 expression and clinicopathological parameters. As shown in [Table 1](#T0001){ref-type="table"}, the expression of FOXN4 was negatively associated with tumor size and lymph node metastasis (p\<0.01). The above suggesting FOXN4 plays a potential suppression role in breast cancer.Table 1Age And Clinicopathological Variables Of 80 BC PatientsVariablesN=80, nFOXN2 Protein Expression*P* valueLow (n=54), nHigh (n=26), nAge ≥ 403726110.624 \< 40432815Tumor size Large (≥ 3 cm)383080.038 Small (\< 3 cm)422418Pathological grade I-II3821170.026 III-IV42339Lymph node metastasis Yes342860.015 No462620 Figure 1The expression of FOXN4 in breast cancer tissues is low and associated with better prognosis. (**A**) Comparison of the expression rate of FOXN4 between breast cancer tissues and adjacent normal tissues using RT-qPCR; \*P\<0.05 versus the adjacent normal tissues. (**B**) The expression of FOXN4 in breast cancer was examined using the online database of the human protein atlas. (**C**) Km plot was drawn to measure high expression of FOXN4 exerted positive effects on the survival of breast cancer patients. The median cut-off value was determined by RT-qPCR. (**D**) The expression level of FOXN4 was analyzed in breast cancer cell lines (MCF-7, MDA-MB-231, ZR-75-1, MDA-MB-453, T47D cells) and normal breast epithelial cells MCF-10A. GAPDH served as an internal control. \*P\<0.05, \*\*P\<0.01.

FOXN4 Inhibits Breast Cancer Cells Proliferation In Vitro {#S0003-S2002}
---------------------------------------------------------

In order to further characterize the function of FOXN4 in breast cancer, we then constructed a lentivirus vector carrying the complete ORF of FOXN4 and established stable MCF-7-FOXN4 and MDA-MB-23-FOXN4 cell lines. The infection efficiency was verified using RT-qPCR assays with empty vector as controls ([Figure 2A](#F0002){ref-type="fig"}). Furthermore, we knockdown FOXN4 using shRNA in the two cell lines, and the transfection efficiency was determined using RT-qPCR ([Figure 2B](#F0002){ref-type="fig"}). To investigate the effect of FOXN4 on cellular proliferation, MTT assays were performed, which indicated that overexpression of FOXN4 inhibits breast cancer cells proliferation in vitro, while knockdown of FOXN4 significantly facilitates breast cancer proliferation ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). The similarly tendency were also shown from the colony formation assay ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}).Figure 2FOXN4 inhibits breast cancer cells proliferation in vitro. (**A**) MCF-7 and MDA-MB-231 cells were infected with FOXN4 or vector lentivirus, the expression level of FOXN4 was detected via RT-qPCR. \*P\<0.05, \*\*P\<0.01 vs control. (**B**) MCF-7 and MDA-MB-231 cells were transfected with shFOXN4 or shSCR as a control. RT-qPCR was used to investigate the transfection efficiency. \*\*P\<0.01 vs control. (**C**) The cell viability of MCF-7 and (**D**) MDA-MB-231 cells was determined by MTT assay. \*P\<0.05 vs control. (**E**) The proliferation of MCF-7 and (**F**) MDA-MB-231 cells was assessed by colony formation assays. \*P\<0.05 vs control.

FOXN4 Inhibits EMT And The Invasion Capability Of Breast Cancer Cells In Vitro {#S0003-S2003}
------------------------------------------------------------------------------

The effects of FOXN4 on breast cancer cell EMT and invasion were further explored. As shown in [Figure 3A](#F0003){ref-type="fig"}, In MCF-7 cells, knockdown of FOXN4 could result in the loss of Epithelial marker E-cadherin and the acquirement of mesenchymal marker such as N-cadherin and vimentin, which indicates FOXN4 could suppress EMT in breast cancer cells ([Figure 3A](#F0003){ref-type="fig"}). To evaluate the migration potential of MCF-7 and MDA-MB-231 cells, wound healing assay was performed, compared with the vector and NC groups, cell migration was inhibited in the FOXN4 infection group and promoted in the shFOXN4 transfection group ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). Consistently, in MCF-7 and MDA-MB-231cells transfected with shFOXN4 or infected with FOXN4, trasnswell assay was performed in vitro. The overexpression of FOXN4 could significantly decrease the capable of invasion, while knockdown of FOXN4 obviously increased the number of invasive cells ([Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}). The above results suggested that FOXN4 reduced the EMT, migration and invasion of breast cancer cells in vitro.Figure 3FOXN4 inhibits EMT and the invasion capability of breast cancer cells in vitro. (**A**) FOXN4 was knocked down in MCF-7 cells. RT-qPCR and Western blotting analyses was used to detect the mRNA and protein levels of EMT-associated proteins. \*P \< 0.05. (**B**) Cell migration in human breast cancer MCF-7 cells (**C**) MDA-MB-231 by wound healing migration assay. \*P \< 0.05. (**D**) The effect of FOXN4 on cell invasion was determined using transwell invasion assay. FOXN4 was overexpressed or knocked down in MCF-7 cells (**E**) MDA-MB-231 cells. FOXN4 vs vector, shFOXN4 vs shSCR, \*P \< 0.05.

FOXN4 Directly Binds To The P53 Promoter And Activates Its Activity {#S0003-S2004}
-------------------------------------------------------------------

To elucidate the molecular mechanisms underlying the inhibition effect of FOXN4 in breast cancer progression, we identify potential key target genes in different pathway of FOXN4 in MCF-7 and MDA-MB-231 cells using qChIP assay, among them, the binding of P53 is the most remarkable one ([Figure 4A](#F0004){ref-type="fig"}). To verify that P53 is a direct target of FOXN4, luciferase reporter assays was carried out. The results illustrated that in MCF-7 and MDA-MB-231 cells transfected with shFOXN4, the luciferase activity was remarkedly reduced ([Figure 4B](#F0004){ref-type="fig"}). When FOXN4 was overexpressed, the relative P53 promoter luciferase activity was increased ([Figure 4C](#F0004){ref-type="fig"}). However, whether FOXN4 overexpression or knockdown had no effect on mutant type P53 promoter ([Figure 4D](#F0004){ref-type="fig"}). To further verify our hypothesis that P53 is a direct target for FOXN4, we examined the expression of P53 in MCF-7 and MDA-MB-231 cells transfected with FOXN4 shRNA or infected with FOXN4 overexpression construct. The data showed that inhibition of FOXN4 suppressed the mRNA level of P53, and ectopic expression of FOXN4 significantly improved the P53 expression ([Figure 4E](#F0004){ref-type="fig"} and [F](#F0004){ref-type="fig"}). The above finding suggests that FOXN4 directly activate P53 expression in breast cancer cells.Figure 4FOXN4 directly binds to the P53 promoter and activates its activity. (**A**) qChIP was carried out in MCF-7 and MDA-MB-231 cells to identify target genes for FOXN4. Normal IgG was used as a negative control. \*\*P\<0.01. VS IgG. (**B**) Luciferase activity of wild-type P53 promoter was examined in MCF-7 and MDA-MB-231 cells via luciferase reporter assay with FOXN4 knocked down or (**C**) overexpressed. \*P \< 0.05. (**D**) Luciferase activity of wild-type P53 promoter was examined in MCF-7 and MDA-MB-231 cells via luciferase reporter assay with FOXN4 knocked down or overexpressed. (**E**) The mRNA expression level of P53 in MCF-7 and MDA-MB-231 cells was analyzed by RT-qPCR; with FOXN4 overexpressed or (**F**) knocked down. GAPDH served as the control. \*P\<0.05, \*\*P\<0.01.

FOXN4 Inhibits The Proliferation Ability Of Breast Cancer Cells By Activating P53 {#S0003-S2005}
---------------------------------------------------------------------------------

Considering P53 as a target gene of FOXN4, we next investigated whether P53 knockdown could rescue the inhibition effect of FOXN4 in breast cancer cells. The knockdown efficiency of P53 was analyzed by RT-qPCR ([Figure 5A](#F0005){ref-type="fig"}). A rescue experiment was performed in MCF-7 and MDA-MB-231 cells. Results of MTT ([Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}) and colony formation assay ([Figure 5D](#F0005){ref-type="fig"} and [E](#F0005){ref-type="fig"}) showed that P53 knockdown could reverse the inhibition ability of FOXN4 in breast cancer cells viability and proliferation.Figure 5FOXN4 inhibits the proliferation ability of breast cancer cells by activating P53. (**A**) The mRNA expression of P53 was determined by RT-qPCR in MCF-7 and MDA-MB-231 cells transfected with P53 shRNA. \*\*P\<0.01. (**B**) MTT assay was performed in MCF-7 and (**C**) MDA-MB-231 cells transfected with shSCR, shP53, Vector+shP53, and FOXN4+shP53. \*P\<0.05. (**D**) Colony formation assay was performed in MCF-7 and (**E**) MDA-MB-231 cells transfected with shSCR, shP53, Vector+shP53, and FOXN4+shP53. \*P\<0.05.

FOXN4 Suppresses The Migration And Invasion Of Breast Cancer By Regulating P53 {#S0003-S2006}
------------------------------------------------------------------------------

To address whether the effects of FOXN4 in suppressing breast cancer cell migration and invasion can be attributed to its activation of P53. P53 was further knocked down in FOXN4 overexpression MCF-7 or MDA-MB-231 cells, a wound healing assay and transwell assay were performed respectively. Results of migration and invasion assay showed that P53 downregulation decreased the FOXN4 overexpression mediated migration MCF-7 cells ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}) and invasion of MCF-7 and MDA-MB-231 cells ([Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}). These results suggested that the effects of FOXN4 in the inhibition of breast cancer cells migration and invasion were activated by P53.Figure 6FOXN4 suppresses the migration and invasion of breast cancer by regulating P53. (**A**) Wound healing assay was performed in MCF-7 and (**B**) MDA-MB-231 cells transfected with shSCR, shP53, Vector+shP53, FOXN4, and FOXN4+shP53. \*P\<0.05. (**C**) Transwell assay was performed in MCF-7 and (**D**) MDA-MB-231 cells transfected with shSCR, shP53, Vector+shP53, FOXN4, and FOXN4+shP53. \*P\<0.05.

Discussion {#S0004}
==========

A substantial body of evidence indicates that Fox family play important roles in a wide spectrum of biological processes as well as cancer progression.[@CIT0012]--[@CIT0014] For example, FOXN1 is an attribute of benign epithelial tumors.[@CIT0015] FOXN4 is a tumor suppressor in breast cancer through inhibition of slug.[@CIT0016] Importantly, FOXN4 is a key regulator in a variety of biological processes during development. However, little is known about the function of FOXN4 in breast cancer.[@CIT0017],[@CIT0018] In this study, we showed that FOXN4 was downregulated in human breast cancer tissues and breast cancer cell lines compared with the adjacent normal tissues or the normal cell lines MCF-10A, suggesting the potential tumor suppressive role of FOXN4 in breast progression. The present study also demonstrated that knockdown of FOXN4 promoted breast cancer cell proliferation, EMT and invasion in MCF-7 and MDA-MB-231 cells.

In our previous study, we reported FOXO6 is downregulated in breast cancer, the function of which is to regulate migration, invasion, and epithelial-mesenchymal transition through transcriptionally regulated Sirt6 expression.[@CIT0019] As Li, W.[@CIT0020] reported that FOXN3 was a transcriptional repressor and promoted progression of hormonally responsive breast cancer through inhibition of GATA3. Interestingly, although we revealed that FOXN4 is another tumor driver, the mechanism is distinct. FOXN4 mainly function as transcriptional repressor to suppress P53 expression from mRNA and protein levels. P53, the most famous tumor suppressor, which controls several biological processes such as cell cycle, EMT, cell survival, metastasis and metabolism,[@CIT0021]--[@CIT0023] is frequently inactivation in breast cancer and is considered a constant feature of cancer.[@CIT0024]--[@CIT0026] In this study, we explored molecular changes associated with loss of p53 in breast cancer cell lines. Our results showed that FOXN4 could bind on the WT p53 promoter in MCF-7 and MDA-MB-231 cells and activate its expression. Interestingly, knockdown of FOXN4 could upregulate N-cadherin and vimentin and downregulate E-cadherin and thus promote EMT, which is a significant developmental process associated with cancer cell invasion.[@CIT0027] However, it is interesting to decipher the roles of FOXN4 in different types of breast cancers in the future depend on the expression of p53.

Consistent with previous studies, we provide direct evidence that different fox protein could be a distinct inducer or suppressor in the development of breast cancer. It would be interesting to determine if the FOXN4 mediated P53 regulation pathway can be a potential target for breast cancer therapy.
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